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Summary  Alarming  situation  of  toxic  substances  such  as  benzene  and  its  analogs  in  the  envi-
ronment and  workplaces,  making  it  important  to  monitor  these  chemicals  and  their  metabolites
in order  to  evaluate  risk  hazards  and  potential  problems  caused  by  exposure  to  toxic  compounds.
Benzene is  omnipresent  in  usage  across  industries.  International  Agency  for  Research  on  Cancer
(IARC) which  is  a  part  of  World  Health  Organization  (WHO)  has  classiﬁed  Benzene  as  a  human
carcinogen.  trans-trans  Muconic  acid  (ttMA)  is  the  most  important  biomarker  of  benzene  for
biomonitoring  of  its  low  level  exposure.  In  this  paper  the  sensing  ability  of  polyaniline  (PANI)  to
ttMA is  investigated  for  development  of  cheap,  portable  and  effective  electrochemical  biosen-
sor. To  take  this  ahead  for  biosensor  device  application,  successful  self-assembling  of  PANI
nanoﬁbers of  40—70  nm  range  on  SS  304  working  electrode  was  achieved.  Fourier  transform
infrared  spectroscopy  and  X-ray  diffraction  was  used  to  characterize  the  chemical  structure  of
PANI. Morphology  of  sample  was  observed  by  ﬁeld  emission  gun  scanning  electron  microscopy
(FEG-SEM).  The  detection  potential  of  ttMA  in  phosphate  buffer  solution  of  pH  5.8  acting  as  a
supporting  electrolyte  was  found  to  be  at  0.26  V  by  linear  sweep  voltammetry.
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ntroduction
lectrochemical  biosensor  is  a versatile  tool  for  deter-
ination  of  various  analytes  in  different  ﬁelds  such  asood  inspection,  clinical  diagnosis  and  environmental  mon-
toring  due  to  its  simplicity,  faster  analysis,  portability,
ow  cost  and  hence  it  is  crucial  for  early  stage  screening
icle under the CC BY-NC-ND license (http://creativecommons.org/
2o
p
p
d
t
r
e
T
t
e
a
t
a
t
d
(
s
p
2
S
s
a
i
a
b
m
p
F
o
t
s
t
t
t
b
m
r
t
e
a
t
p
f
E
E
p
a
M
A
(
p
a
P
P
i
s
P
c
s
n
2
S
e
r
w
t
s
s
e
4
C
F
F
T
S
F
s
X
X
w
8

E
E
P
w
m
b
u
p
t
3
a
R
C
F
P
7
s
s
(
b
i
s
1
t84  
f  diseases  (Prompheta  et  al.,  2015).  Various  conducting
olymers  including  polyaniline  (PANI),  polypyrol  (PPy)  and
olyethylenedioxythiophene  (PEDOT)  are  the  promising  can-
idates  for  developing  electrochemical  biosensors.  Among
hese  conducting  polymers,  PANI  is  the  most  promising  mate-
ial  due  to  its  excellent  electrochemical  properties,  high
nvironmental  stability  and  low  toxicity  (Hao  et  al.,  2014).
here  are  various  methods  of  synthesis  of  PANI  such  as  hard
emplate,  soft  template,  electrospinning,  self-assembling
lectrospraying,  electrodeposition,  seeding  polymerization
nd  interfacial  polymerization.  Self-assembled  nanostruc-
ures  of  PANI  on  biosensor  surface  are  a  well-known,  simple
nd  cheap.  PANI  modiﬁed  glass,  screen  printed  carbon  elec-
rode  (SPCE),  alumina  were  used  as  working  electrode  for
etection  of  cholesterol  (Ruecha  et  al.,  2014),  glucose
Kausaite-Minkstimiene  et  al.,  2010),  DNA,  heavy  metals
uch  as  lead  (Pb)  and  cadmium  (Cd),  ammonia,  urea  and
H  determination  (Talwara  et  al.,  2014;  Lakarda  et  al.,
012;  Song  and  Choi,  2012).  PANI  deposited  on  Stainless
teel  (SS)  304  was  used  as  an  electrode  material  for  redox
upercapacitor  and  for  corrosion  inhibition  study  (Gupta
nd  Miura,  2005;  El-Shazly  and  Al-Turaif,  2012).  Due  to
ncreasing  awareness  about  toxic  substances  like  benzene
nd  its  derivatives  in  the  environment  and  workplaces,  it  is
ecoming  important  to  monitor  these  chemicals  and  their
etabolites  in  order  to  evaluate  risk  hazards  and  potential
roblems  caused  by  exposure  to  toxic  compounds  (Chary  and
ernandez-Alba,  2012).  International  Agency  for  Research
n  Cancer  (IARC)  which  is  a  part  of  World  Health  Organiza-
ion  (WHO)  classiﬁed  benzene  as  carcinogen  (cancer  causing
ubstance)  (Weisel,  2010).  ttMA  is  considered  as  an  impor-
ant  biomarker  of  benzene  (Boogaard  and  van  Sittert,  1996)
o  be  detected  from  urine.  Commercially  available  detec-
ion  techniques  of  ttMA  in  urine  of  an  individual  who  has
een  exposed  to  benzene  are  gas  chromatography  (GC),
ass  spectrometry  (MS)  and  high  precision  liquid  chromatog-
aphy  (HPLC)  (Chiang  et  al.,  2015).  But  these  methods  are
ime  consuming  and  require  a  large  expensive  set  up  and
xpertise  for  analyzing  urine  samples.  Hence  in  this  paper,
 study  was  carried  out  for  sensing  ability  of  PANI  nanoﬁbers
o  ttMA.  This  study  will  initiate  the  development  of  cheaper,
ortable,  electrochemical  biosensor  for  detection  of  ttMA
rom  urine  sample.
xperimental
xperimentations  were  carried  out  to  ﬁnd  out  the  detection
otential  of  ttMA  present  in  the  phosphate  buffer  solution
nd  it  is  discussed  as  follows.
aterials
niline,  hydrochloric  acid  (HCl),  ammonium  persulfate  (APS,
NH4)2S2O8)  were  all  purchased  from  Merck  and  ttMA  was
urchased  from  Sigma  Aldrich.  All  chemicals  used  were  of
nalytical  grade.ANI  nanoﬁbers  coated  SS  304
ANI  nanoﬁbers  deposition  on  SS  304  working  electrode
nvolves  two  independent  processes:  (1)  Preparation  of  PANI
olution  and  (2)  Self-assembling  of  PANI  nanoﬁbers  on  SS  304.
i
T
o
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reparation  of  PANI  solution.  EM  PANI  salt  which  is  a
onductive  form  of  PANI  was  prepared  by  mixing  aqueous
olutions  of  0.2  M  aniline  hydrochloride  and  0.25  M  ammo-
ium  persulfate  (APS)  at  room  temperature  (Catedral  et  al.,
004;  David  et  al.,  2014).
elf-assembled  layer  of  PANI  nanoﬁbers  on  SS  304.  SS  304
lectrode  was  polished  with  emery  paper  of  grit  size  150  to  a
ough  ﬁnish.  It  was  then  washed  with  acetone  and  deionized
ater  to  remove  emery  particles  and  air  dried.  SS  304  elec-
rode  was  then  immersed  in  a  beaker  containing  the  above
olution  and  left  for  self-assembling  for  24  h.  The  total  depo-
ition  area  of  SS  304  electrode  was  2.02  cm2.  After  24  h,  SS
lectrode  was  washed  with  deionized  water  and  dried  at
0 ◦C  for  2  h.
omposition  and  morphological  characterization
TIR  spectroscopy
TIR  spectra  of  PANI  sample  have  been  done  using  BRUKER
ENSOR  27  FTIR  spectrometer
canning  electron  microscopy
EG-SEM  analysis  was  done  by  Tescan  MIRA  3  model  with
econdary  electron  (SE)  detector  at  7.0  kV.
-ray  diffraction  (XRD)
RD  was  done  by  X-ray  diffractometer-  Shimadzu  XRD  6100
ith  scanning  rate  —  2  degree  per  minute  from  10  to
0◦ at  room  temperature.  X-ray  source  used  was  CuK,
 =  1.5405◦ A.
lectrochemical  measurement
lectrochemical  measurements  were  carried  out  with
GSTAT  302N  to  identify  the  detection  potential  at
hich  oxidation  of  ttMA  occurs  on  WE.  Current  measure-
ents  were  carried  out  by  LSV  in  the  potential  range
etween  0.0  and  0.50  V.  To  record  LSV,  start  potential  =  0  V,
pper  vertex  potential  =  0.5  V,  end  potential  =  0.5  V,  step
otential  =  0.00244  V,  scan  rate  =  0.1  V/s  were  kept.  Elec-
rochemical  cell  was  arranged  with  PANI  deposited  on  SS
04,  saturated  calomel  electrode  (SCE)  and  platinum  (Pt)
s  working,  counter  and  reference  electrode,  respectively.
esults  and  discussion
hemical  structure
ig.  1  shows  the  IR  spectra  of  PANI  EM  salt.  Peaks  of  EM
ANI  Salt  appears  at  1557,  1459,  1284,  1235,  1138,  and
90  cm−1. Peaks  at  1557,  1459  are  assigned  to  C  C  ring
tretching  vibrations.  Peak  at  1284  and  1235  cm−1 corre-
ponds  to  N  H  bending  and  symmetric  component  of  C  C
or  C  N  stretching  modes).  Bands  at  1138  and  790  cm−1 can
e  characterized  the  in  plane  and  out  of  plane  C  H  bend-
ng  modes,  respectively.  In  addition  to  the  above  peaks,
pectrum  of  EM  PANI  Salt  exhibits  new  peaks  around  3130,
660,  579  cm−1.  The  peak  at  3130  cm−1 could  be  attributed
o  NH2 stretching  mode  and  1660  cm−1 band  to  NH  bend-
ng  vibration  while  579  cm−1 is  assign  to  NH2 wagging.
he  conducting  protonated  form  band  characteristics  is
bserved  at  1235  cm−1.  C  Cl  stretching  arises  in  the  region
90—700  cm−1 (Geethalakshmi  et  al.,  2014).  XRD  analysis  of
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Figure  1  FTIR  spectra  of  EM  PANI  salt
Figure  2  XRD  spectra  of  EM  PANI.
Figure  4  Linear  sweep  voltammetry  showing  response  proﬁle
of 6.4,  9.4,  12.4,  15.4,  18.4,  21.4  mg/L  of  ttMA  in  phosphate
buffer of  pH  5.8.
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at  the  SS  304  coated  with  PANI.  Hydrogen  bond  formationFigure  3  SEM  images  of  nanoﬁbers  formed  on  SS  304  by  self-
assembling  technique.
EM  PANI  salt  shows  only  a  broad  amorphous  scattering  around
2  = 25◦ (Basaka  et  al.,  2013)  as  shown  in  Fig.  2.
Morphology
SEM  micrographs  of  nanoﬁbers  formed  by  self-assembling
are  shown  in  Fig.  3.  From  SEM  image  it  is  observed  that
nanoﬁbers  of  diameter  ranging  from  40  nm  to  70  nm  are
formed.
b
Eigure  5  Variation  of  current  due  to  increase  in  concentration
f ttMA.
tMA  sensing  performance
hosphate  buffer  solution  of  pH  5.8  was  chosen  as  suppor-
ing  electrolyte  for  detection  of  ttMA.  Sensing  behavior  of
ANI  modiﬁed  SS  304  used  as  working,  SCE  as  reference  and
latinum  as  counter  electrode  using  LSV  for  varied  concen-
ration  of  ttMA  is  as  shown  in  Fig.  4.  Oxidation  current  of
tMA  exhibits  well-deﬁned  peaks  at  0.26  V.  All  increase  in
he  peak  height  for  increasing  concentration  are  due  to  the
xido-reduction  reaction  occurring  at  the  surface  of  EM  PANI
eposited  on  SS  working  electrode  and  ttMA  in  the  solution.
Oxido-reduction  reaction  occurs  due  to  hydrogen  bond
ormation  between  carboxylic  acid  group  of  ttMA  and  amino
roups  of  PANI.  Here,  we  can  identify  the  detection  volt-
ge  of  ttMA  as  0.26  V.  Fig.  5  represents  the  variation  of
urrent  for  different  concentration  of  ttMA.  Minimum  ttMA
oncentration  that  can  be  detected  by  the  sensor  is  0.8  mg/L
onclusion
or  developing  a  cheap  and  portable  electrochemical
iosensor  system  for  detecting  ttMA,  the  sensing  ability  of
ANI  nanoﬁbers  on  SS  304  electrode  to  ttMA  is  carried  out.
elf-assembling  of  PANI  on  SS  304  shows  the  formation  of
anoﬁbers  ranging  from  40  nm  to  70  nm  and  its  chemical
omposition  was  veriﬁed  by  FTIR  and  XRD.  Detection  voltage
f  ttMA  was  found  to  be  0.26  V  by  LSV  in  phosphate  buffer
olution  of  pH  5.8  which  act  as  a  supporting  electrolyte.
he  increase  in  current  due  to  increase  in  the  concentration
f  ttMA  was  due  to  oxido-reduction  reaction  which  occursetween  carboxylic  acid  group  of  ttMA  and  amino  group  of
M  PANI  results  in  oxido-reduction  reaction.
2R
P
H
R
K
T
L
S
G
E
C
W
B
C
C
D
G
125, 1307—1310.86  
eferences
rompheta, N., Rattanaratb, P., Rangkupanc, R., Chailapakulb, O.,
Rodthongkumc, N., 2015. An electrochemical sensor based on
graphene/polyaniline/polystyrene nanoporous ﬁbers modiﬁed
electrode for simultaneous determination of lead and cadmium.
Sens. Actuators B 207, 526—553.
ao, Y., Zhou, B., Wang, F., Li, J., Deng, L., Liu, Y.-N., 2014.
Construction of highly ordered polyaniline nanowires and their
applications in DNA sensing. Biosens. Bioelectron. 52, 422—426.
uecha, N., Rangkupan, R., Rodthongkum, N., Chailapakul,
O., 2014. Novel paper-based cholesterol biosensor using
graphene/polyvinylpyrrolidone/polyaniline nanocomposite.
Biosens. Bioelectron. 52, 13—19.
ausaite-Minkstimiene, A., Mazeiko, V., Ramanavicienea, A.,
Ramanaviciusa, A., 2010. Enzymatically synthesized polyaniline
layer for extension of linear detection region of amperometric
glucose biosensor. Biosens. Bioelectron. 26, 790—797.
alwara, V., Singhb, O., Singh, R.C., 2014. ZnO assisted PANI
nanoﬁber and its application as ammonia gas sensor. Sens. Actu-
ators B 191, 276—282.
akarda, B., Magninb, D., Deschaumeb, O., Vanlanckerb, G.,
Glinelb, K., Demoustier-Champagneb, S., Nystenb, B.,
Bertrandb, P., Yunusb, S., Jonasb, A.M., 2012. Optimization of
the structural parameters of new potentiometric pH and urea
sensors based on polyaniline and a polysaccharide coupling
layer. Sens. Actuators B 166—167, 794—801.
ong, E., Choi, J.W., 2012. An on-chip chemiresistive polyaniline
nanowire-based pH sensor with self-calibration capability. IEEE
EMBS, 4018—4021.upta, V., Miura, N., 2005. Electrochemically deposited polyaniline
nanowire’s network — a high-performance electrode material
for redox supercapacitor. Electrochem. Solid State Lett. 8 (2),
A630—A632.
BS.  Bukkawar  et  al.
l-Shazly, A.H., Al-Turaif, H.A., 2012. Improving the corrosion
resistance of buried steel by using polyaniline coating. Int. J.
Electrochem. Sci. 7, 211—221.
hary, N.S., Fernandez-Alba, A.R., 2012, February. Determination
of volatile organic compounds in drinking and environmental
waters. TrAC Trends Anal. Chem. 32, 60—75.
eisel, C.P., 2010. Benzene exposure: an overview of monitoring
methods and their ﬁndings. Chemico-Biol. Interact. 184, 58—66.
oogaard, P.J., van Sittert, N.J., 1996, December. Suitability of
S-phenyl mercapturic acid and trans-trans-muconic acid as
biomarkers for exposure to low concentrations of benzene. Envi-
ron. Health Perspect. 104 (Suppl. 6), 1151—1157.
hiang, W.-C., Chen, C.-Y., Lee, T.-C., Lee, H.-L., Lin, Y.-W., 2015,
January. Fast and simple screening for the simultaneous analysis
of seven metabolite derived from ﬁve volatile organic com-
pounds in human urine on line solid phase extraction coupled
with liquid chromatography-Tandem mass spectrometry. Talanta
132, 469—478.
atedral, M.D., Tapia, A.K.G., Sarmago, R.V., Tamayo, J.P., del
Rosario, E.J., 2004. Effect of dopant ions on the electrical con-
ductivity and microstructure of polyaniline (emeraldine salt).
Sci. Diliman 16 (2 (July—December)), 41—46.
avid, T., Mathad, J.K., Padmavathi, T., Vanaja, A., 2014. Part-
A: synthesis of polyaniline and carboxylic acid functionalized
SWCNT composites for electromagnetic interference shielding
coatings. Polymer 55, 5665—5672.
eethalakshmi, D., Muthukumarasamy, N., Balasundaraprabhu, R.,
2014. Effect of dopant concentration on the properties of HCl-
doped PANI thin ﬁlms prepared at different temperatures. Optikasaka, S.P., Kanjilal, B., Sarkara, P., Turnerb, A.P.F., 2013. Applica-
tion of electrical impedance spectroscopy and amperometry in
PANI modiﬁed ammonia gas sensor. Synth. Metals 175, 127—133.
